In this study T6 heat treated 6063 aluminum alloys were used as substrate material. In order to form a bond between the substrate and the main coating, all samples were coated with Ni-Cr-Al powders. 8 wt% Yttria Stabilized Zirconia powders (YSZ) were coated with plasma spray technique. Thickness of YSZ was 150 m and bond coating was 36 m. XRD and SEM-EDS analyses were performed to characterize the coating layers. These YSZ coated and uncoated samples were subjected to wear testing under different spindle speed, loading and working distance. Wear test results were compared with the kinetic friction coefficients and weight loss values. Wear marks on YSZ coated and uncoated samples were investigated by SEM analysis. By coating with plasma spray technique, the wear resistance of Al alloys was increased without changing the friction coefficient. It was found that spindle speed had significant effect over the wear properties than the load applied. By YSZ coating, wear properties were increased 10 times.
Introduction
Metals such as aluminum and its alloys are extensively used today due to their low weight and energy saving. Because of its low ductility and tribological properties, aluminum tends to show low wear resistance. Numerous researchers are studying to improve and vary the usage areas of aluminum. However, aluminum has to show better mechanical strength and resistance to high temperatures to be used in applications such as moving machine parts. Coating aluminum surface with hard ceramic is a way to increase these properties [1] [2] [3] [4] [5] [6] [7] [8] . Ceramic materials have high hardness and high resistance to thermal and corrosive conditions. Alumina, titania, chromia and silica have been widely used as surface coating materials to improve the resistance of Al to wear, erosion, cavitation, fretting and corrosion [9] . Zirconia ceramics were also extensively studied as wear resistant materials for the engineering applications. Zirconia as a structural ceramic material has good physical, chemical and mechanical properties [10] [11] [12] [13] . Zirconia is used as 6-8 wt% Yttria Stabilized Zirconia (YSZ) by air plasma spray technique with a bond coating which is made of MCrAlY where M stands for Ni or Co [11] . Plasma spraying is a thermal spraying method for the ceramic or composite coatings to improve the wear, corrosion resistance and the performance parameters of the metallic substrate materials [9, 10] . Having high thermal and wear resistance, these coatings can be used in the internal combustion engine parts such as piston crowns and cylinder heads. With the harder coatings, soft materials tend to wear less as long as the coating surface exists. Life cycle of coatings can be easily measure by wear tests. Thus, the complex parts can be produced for a lower cost owing to the design flexibility of the soft materials [12] [13] [14] [15] [16] [17] [18] [19] [20] . In this study, 8 wt.% Y 2 O 3 stabilized zirconia powders (YSZ) were coated onto T6 heat treated aluminum alloys surface with plasma spraying method and the wear resistance values of these coated samples were compared with the uncoated ones.
Experimental

Preparation of 6063-T6 samples
The chemical compositions of 6063 Al alloy used in the experiments is given in Table 1 . The samples were produced from extruded 30 mm rods. They were subjected to T6 aging process: heated up to 480  C for 20 minutes and water quenched to room temperature. Finally, the samples were heated to 180  C and held for 7.5 hours for artificial aging. Heat treatments were carried out at Lenton UAF 15/10 model laboratory furnace. 1, 5 ). XRD and SEM/EDS analyses of this powder are given in Fig. 1 . Fig. 1 . a) XRD diagram of YSZ ceramic powders which were used as coating material, b and c) SEM and EDS analysis of YSZ ceramic powders which were used as coating material Firstly, 6063-T6 samples were sand blasted to roughen the surface in order to achieve a better grip for the coatings. A bond coating was applied between the ceramic coating and the metal surface. Coatings were applied by Sulzer-Metco model 3MB branded plasma spray gun. The bond coating was made of Amdry 956 of Metco which has 45 m grain size. Over the bond coating, 8 wt % YSZ powders were plasma sprayed to the surface. These powders were PAC powders with 50 m grain size (Fig. 1 ). Both the coated (top) and the uncoated (bottom) samples can be seen in Fig. 2 .
Fig. 2. YSZ coated and uncoated wear test samples
Material and Methods
In order to investigate the coating's structure of YSZ coated Al alloy, samples were cut by using a diamond cutter. The cut surfaces were then polished and finally analyzed by SEM (Jeol 5600), EDS and I-XRF to determine the surface characteristics. Hardness test of the coated and the uncoated samples were performed by ZWICK/ROELL branded ZHU 8187.5 LKV model hardness test device. Wear tests were done according to the "Pin-on-Disc" test method and the weight loss values were calculated. In order to calculate the weight loss values, 0.0001 precision scales were used. Weight of each sample was measured before and after the experiments according to this method and in this way the weight loss values were calculated. By using the densities and the weight loss values, volume differences were also calculated according to Equation 1; ΔV = ΔG / ρ (1) where ΔV: volume loss (cm 3 ), ΔG: weight loss (g), ρ: density (g/cm 3 )
Jinan branded MMW-1A model computer-controlled wear test device was used for the wear tests. Pure alumina (corundum) abrasive "pin" was connected to the bottom of the upper head and the samples were fixed on the top of the bottom set.
Results and Discussion
SEM micrograph was taken from the cross-section of the coated 6063 sample. The substrate and the thickness of the coating layers can be seen in Figure 3 . According to the figure, the thickness of the bond coating obtained by thermal spraying is 36 m and the YSZ thickness of the coating varies between 140-155 m. As can be seen in Figure 3a , b and c which belong to SEM/EDS analyses from outside to inside, the coating material (YSZ) and the intermediate layer (Ni-Cr-Al) with the substrate alloy of 6063 were characterized by layers. As can be observed from SEM image, the surface of the YSZ coating is rough and porous. It is seen that pore sizes are 25 m. This porous structure (coated with YSZ) is compatible with the low density of 6063 aluminum alloy. 30 N load was applied for Vickers hardness tests and the average hardness values were obtained by making measurements from 5 different zones of both the coated and the uncoated samples. 80 HV3  3 was measured for the uncoated samples and 266 HV3  5 for the coated samples. It can be determined that the coating has increased the overall hardness almost 3 times more than the uncoated ones. For the wear tests, samples were divided into groups to investigate the effect of different speed, loading and working distance. By doing so, while investigating the wear resistance of the coating, effects of other different parameters on the coating were also studied. These combinations were applied to both the coated and the uncoated samples so that 14 combinations in total were created. Test values for all these combinations were calculated by performing pre-tests and the determined values are summarized in Table 2 . The comparison of the test results of the coated and the uncoated samples can be seen from Figures 4 to 6. For all the test conditions, YSZ coated 6063 aluminum alloy samples showed better wear resistances than the uncoated ones. With the increase of the speed, the working distance and the loading values, the weight loss of the samples was increased. However, YSZ coated 6063 samples exhibited again better wear resistance than the uncoated ones (Fig. 4-6) . As a result, it can be concluded that 140 m YSZ coating increased the overall wear resistance of 6063 aluminum alloy. If the wear resistances are compared, it is understood that the coated samples had performed almost 10 times better than the uncoated ones in terms of the test parameters used in this work. By increasing the working distance, the spindle speed and the loading values, the wear rates of both samples (YSZ coated and uncoated) were increased. The lowest weight loss was measured at 10 N loading, 60 rpm spindle speed while the highest weight loss was measured at 10 N load and 240 rpm speed. According to the results obtained from the micrographic examination of SEM analysis of the wear surface, it was determined that the marks on the surface which belong to the uncoated sample of 6063 are deep and have a distinctive wear shape due the ductile behavior of aluminum ( Fig. 7a and b) . Random placement of the sprayed zirconia particles on the surface of the coated 6063 substrate creates a hard ceramic structure so that brittle fractures were detected on the wear marks. Condensed wear can be seen at the higher parts of the surface morphology. However, in spite of the porous and rough surface of the coated YSZ, the wear lines on the surface of the coated 6063 samples still do not have significant wear marks ( Fig. 8a and b) . Therefore, it is understood that the coated samples which were exposed to abrasion will demonstrate much higher performance at the operating conditions. The kinetic friction coefficient values obtained from the tests are given in Table 3 . According to the results, the friction coefficients were found to be between 0.1-0.2 for both of the material groups. 
Conclusion
By coating 6063-T6 aluminum alloy with 8 wt% YSZ ceramic material, higher wear resistance can be achieved. According to the test conditions studied in this work, the difference was found to be 10 times higher. By increasing the applied load, spindle speed and travel distance, wear rates were increased in both coated and uncoated material groups. Increase in the wear rate of the coated samples with changing parameters was lower than the increase for the uncoated 6063-T6 samples. The most important parameter that increased wear rate was found to be the spindle speed rather than the load applied. Zirconia coating has macro porosity. Although this situation has an enhancing effect on the surface roughness, it helps to keep the low density and the low weight advantages of the 6063 Al alloy. Open pore structure is also an advantage especially in situations where a lubricant is used. The lubricant fills the open pores on the surface and this lubrication lasts for a longer time to decrease the wear resistance. The friction coefficients were measured to be between 0.101 -0.218 for YSZ coated material group and 0.114 -0.235 for uncoated 6063-T6 aluminum alloy samples. There is no significant difference between the coated and the uncoated material groups. In the wear tests of YSZ coated samples, wear test device did not use higher torque values than the torque values used for the uncoated ones so that there was no excessive energy expenditure. Even though aluminum has a low melting point and low mechanical strength, there is a high demand for aluminum due to its low density. Therefore, by coating aluminum alloy with YSZ, it can resist higher temperatures because of its thermal barrier properties and harder mechanical conditions for longer service time.
